The goal was to characterize differences in cell response after exposure to active beam scanning (ABS) protons compared to a passive delivery system. Human lung epithelial (HLE) cells were evaluated at various locations along the proton depth dose profile. The dose delivered at the Bragg peak position was essentially identical (∼4 Gy) with the two techniques, but depth dose data showed that ABS resulted in lower doses at entry and more rapid drop-off after the peak. Average dose rates for the passive and ABS beams were 1.1 Gy/min and 5.1 Gy/min, respectively; instantaneous dose rates were 19.2 Gy/min and 2,300 Gy/min (to a 0.5 3 0.5 mm 2 voxel). Analysis of DNA synthesis was based on 3 H-TdR incorporation. Quantitative real-time polymerase chain reaction (RT-PCR) was done to determine expression of genes related to p53 signaling and DNA damage; a total of 152 genes were assessed.
Introduction
The technological advances in radiotherapy seen over the past few decades include the development of proton therapy facilities. Many of the patients who have received proton radiotherapy have been treated at the Loma Linda University Medical Center (LLUMC) where the first hospital-based facility was developed (1, 2) . Exploiting the full potential of energized protons requires multiple beam delivery techniques to be employed (3) (4) (5) (6) . To a large extent, the necessary techniques are a function of the size and/or complexity of the target volume. Unlike passive proton beam delivery, active beam scanning (ABS) utilizes magnets to deliver a "pencil" beam across the tumor (also referred to as "spot" scanning), with the position of the Bragg peak dynamically changed at the accelerator, rather than passively with a Technology in Cancer Research & Treatment 2013 December 6. Epub ahead of print modulator wheel and bolus. Scanned proton beams represent a unique, non-invasive approach for treating cancers at their origin, as well as at the body sites to which they have metastasized. In addition, normal tissue tolerance to radiation must always be considered, i.e., the total radiation dose needed for cure may exceed the tolerance of normal tissues surrounding the treatment volume. ABS has the potential to allow for proximal shaping of the dose distribution without an opposing beam, normal tissue sparing may therefore be enhanced with this beam delivery modality.
Since biological studies should be performed prior to utilizing an active scanning beam for patients' safety reasons, a prototype system was installed in the proton research room at LLUMC. Normal (non-tumorigenic) human lung epithelial (HLE) cells were selected for the present study due to the high radiosensitivity of lung tissue. Even when the treatment plan is designed to target the tumor mass, some normal cells will invariably also be irradiated. This is especially true when the tumor is deep within the body. In patients undergoing radiotherapy, pneumonitis that is characterized by inflammation, edema and loss of epithelial cells has been reported to occur with considerable frequency (7, 8) . Mutations in sub-lethally irradiated cells and persistent genetic instability that may increase risk for secondary cancers are also concerns (9) . Furthermore, radiation-induced damage leads to production of potent cytokines that affect surrounding tissues and influence development of not only acute radiation effects, e.g., pneumonitis, but also late effects such as fibrosis (10, 11) . Epithelial cells that line alveolar spaces function as a tightly organized protective barrier and in gas exchange, i.e., absorption of oxygen and release of CO 2 . In addition, they are an important source of cytokines. In fact, these cells are among the first responders to environmental stressors. Upon activation, epithelial cells secrete cytokines such as interleukin-6 (IL-6), IL-8, tumor necrosis factor-α (TNF-α) and eotaxin that attract and regulate immune cell activities and can interact with neighboring epithelial cells (12) .
Dose rate dependency has previously been reported for a wide range of cellular and molecular properties (13, 14) . The final outcome, however, is dependent on type of cell, tissue or organ. For example, when mice were exposed to 2-8 Gy radiation at 920 mGy/min, 1 mGy/min or 12.5 μGy/min the dose rate effect on mutation induction was greater in the spleen than in the liver at the medium dose rate, but no difference was seen between the two organs at the high and low dose rates (15) . The level of oxygenation, length of time between pulses and dose per pulse are also important factors (16, 17) . Some studies using x-rays and electrons at ultra-high dose rates (e.g., 10 9 Gy s 21 ) have reported increased cell resistance to several Gy and speculated that this may be due to oxygen depletion and/or radical-radical recombination that lowered the efficiency of the pulsed radiation (18) (19) (20) . In another study using a linear accelerator, two cell lines were irradiated to doses ranging from 1 Gy to 10 Gy and dose rates at 5.01, 9.99 and 29.91 Gy/min; differences in the instantaneous dose rates in the pulse (56.5, 112.8 and 338 Gy/s), however, had no effect on clonogenic survival (21) . In a very recent study using pulsed and continuous 20 MeV proton beams to irradiate HeLa cervical carcinoma cells with 3 Gy at ultra-high dose rates, relative biological effectiveness (RBE) of pulsed and continuous proton beams in relation to x-rays was 0.91 and 0.86, respectively, based on fraction of cells in the G2 phase of the cell cycle (22) . These and other findings clearly indicate a need for more research on dose rate effects, especially as they apply to ABS proton therapy.
Radiobiological analysis of proton beam scanning is an important step in understanding the impact by which high instantaneous dose rates have on biological responses. Such studies are likely to lead to the implementation of ABS-specific biological models for treatment planning to further optimize beam delivery (23, 24) . The goal of the present study was to identify molecular/cellular differences when nontumorigenic cells are irradiated with active versus passive proton beams, not to obtain an RBE. The overall hypothesis was that biologic effects will be increased with the ABS technique compared to the passive scatter proton beam technique due to higher instantaneous dose rate associated with ABS. Studies such as this will increase understanding of the biological differences between passive and active scanning proton beam delivery systems. Measuring the extent of biologic modification prior to clinical use of ABS will allow radiation oncologists to account for variation in biological response and further optimize treatment plans.
Materials and Methods

Human Lung Epithelial (HLE) Cells
The HLE cells, purchased from Celprogen, Inc., San Pedro, CA, were donated by a 55 year old Caucasian female. The cells were cultured in T75 flasks at 378C and 5% CO 2 in Human Lung Epithelial Cell Complete Medium (Celprogen). The medium was changed every 24-48 hours and, after harvesting with 0.05% trypsin-ethylenediaminetetraacetic acid (EDTA), the cultures were split either 1:3 or 1:4, depending on cell density using standard procedures. After several passages, aliquots of cells in 90% fetal bovine serum (FBS) and 10% dimethylsulfoxide (DMSO) were frozen in liquid nitrogen until use. In all experiments, the irradiated cells, as well as their non-irradiated counterparts, were within 5-10 passages after arrival from the company.
Cell Set-up Prior to Irradiation
A sealed cell culture system (OptiCell TM , BioCrystal, Ltd., Westerville, OH) was used before and during radiation exposure. This system has a series of plastic plates into which cells and medium are dispensed. Each plate consists of two parallel gas-permeable polystyrene membranes separated by 2 mm. This cell culture system maintains consistent oxygen and carbon dioxide levels equivalent to incubator conditions and the gas permeable polystyrene membrane provides a stable growth environment that does not change with the confluence of the cultures. As shown in Figure 1 , a rack and water phantom were constructed by Inland Technical Services, San Bernardino, CA to accommodate 40 plates that were reproducibly aligned at various distances from the proton source while immersed in water, i.e., along the proton depth dose profile. The HLE cells were harvested, counted and adjusted to 10 6 /ml; 10 ml/plate was then injected through a self-sealing port using a syringe with 18-gauge tips (BioCrystal). The plates were incubated horizontally overnight in a humidified incubator (378C, 5% CO 2 ) to allow uniform cell attachment over the 50 cm 2 area of one membrane/plate. Preliminary experiments involving HLE cell plating efficiency, doubling time and degree of radiosensitivity were conducted prior to performing the assays described below.
Irradiation Using Passive and Active Proton Beams
All cell procedures were carried out in an identical manner, regardless of whether passive or ABS irradiation was performed. Although the active scanning and passive irradiations were not done at the same time with the same batch of cells, passage number was 5-10 and 0 Gy control cells were always included. After an overnight incubation to allow cell adherence, the modified rack with the 40 plates was submerged into a custom-made water phantom which was maintained at a constant temperature of 378C using an Isotemp Immersion Circulator, Model 70 (Fisher Scientific, Pittsburgh, PA). The water tank was then aligned using in-room lasers to ensure that the plates were parallel to the central beam axis. The first plate was positioned at the beam entrance of the water phantom (position 1, P1) and the last plate was positioned at P40, i.e., just beyond the distal stopping edge of the Bragg peak (point at which protons stop and release most of their energy). Cell response data was generated at various points along the proton depth dose profile. The maximum intended dose was 4 Gy at P34 for both the passive and active beam delivery systems which corresponded to an incident proton energy of 223 MeV.
Passive radiation was conducted in the Horizontal Fixed Beam Room at LLUMC. A 15 3 15 cm 2 un-modulated proton beam was used for HLE cell irradiation. Beam was delivered in a pulsed fashion from the synchrotron accelerator with a beam on time of 0.125 seconds and a duty cycle (time until the next beam pulse) of 2.2 seconds. Proton beam scanning irradiation was carried out with a prototype delivery system in the Proton Research Room at LLUMC. The spot size at the entrance to the OptiCell was approximately 6-7 mm at full width at half maximum (FWHM). The spot position and motion was controlled via a pair of magnets (horizontal and vertical) whose current (and hence deflection of the proton pencil beam) was randomly controlled by a pair of function generators. This setup created a 15 3 15 cm 2 field with a minimum of 4 passes in the horizontal plane and over 10 in the vertical plane. The flatness, symmetry, Depth dose profiles for both proton delivery systems were evaluated using PTW Markus Parallel plate ionization chamber (s/n 23343-1771) and Keithley electrometer (model 35614, s/n 23123) in both a polystyrene phantom and a water tank that measured 400 3 360 3 360 mm 3 (X, Y, Z). The water tank was custom built for proton work and consisted of 6 mm thick Acrylic walls which were considered in the depth dose measurement. Motion of the ionization chamber was controlled using a custom built worm drive system that was controlled by LabView. Field flatness and symmetry were evaluated at the surface and level of the Bragg peak using Kodak X-Omat V film that was read using a Vidar film scanner and RIT software. Dose was monitored using a single foil dose monitor located upstream of the OptiCell apparatus.
For the passive irradiation case the instantaneous dose rate (to a voxel size of 0.5 3 0.5 mm 2 ) was 19.2 Gy/min within the spill and an average dose rate of approximately 1.1 Gy/min at the level of the Bragg peak. For comparison the average dose rate from the active beam delivery system at the level of the Bragg peak was 5.1 Gy/min due to the improved efficiency of this delivery method. While the spill duration of the beam scanning system was 0.15 seconds (which is comparable to that of the passively delivered system of 0.125 seconds) the very nature of scanned proton beam delivery resulted in the instantaneous dose rate to a target element being much higher, as dose is delivered in a very small time interval before the pencil beam scans to deliver dose to another target element. In this case the instantaneous dose rate for the ABS system (to a voxel size of 0.5 3 0.5 mm 2 ) was approximately 2,300 Gy/min, i.e., ∼120 times higher than with the passive beam for the same voxel size. Given the average size of the HLE cells in a monolayer, i.e., 7-10 μ in diameter, the dose/cell/min was the same as described above for the 0.5 3 0.5 mm 2 voxel case.
Cell Processing after Irradiation
Within 4 hours after irradiation, plates were removed from the rack and the HLE cells were harvested using 0.25% trypsin-EDTA, centrifuged and washed. The cells were then resuspended in the HLE cell medium, counted with a coulter counter (Beckman Coulter, Inc., Brea, CA) and used in the assays described below. There were 2-5 independent experiments performed for each assay except the ABS/Golgi apparatus evaluation. Irradiated and non-irradiated cells were processed simultaneously within each experimental run.
DNA Synthesis
The procedure for assessment of DNA synthesis was performed as previously described (25) . HLE cells from each of the 40 plates were collected, counted, dispensed in triplicate into 96-well microculture plates at 2 3 10 4 cells/0.l ml/well and incubated for 48 hours at 378C in 5% CO 2 . During the last 4 hours of incubation, 3 H-thymidine ( 3 H-TdR; specific activity 5 1.7 3 10 12 Bq/μmol; ICN Biochemicals, Costa Mesa, CA) was added at 1 mCi/50 μl/well. The cells were harvested with a Tomtec Harvester96 ® (Tomtec Inc., Hamden, CT) and the counts per minute (cpm) were quantified in a Wallac 1450 MicroBeta Trilux counter (PerkinElmer Life Sciences, Boston, MA). The 48-hour time of incubation (that included the last 4 hours with 3 H-TdR) was selected based on results of preliminary experiments that were performed to ensure that the cpm fell within the range that would be accurately quantified by the counter.
Gene Expression using Quantitative Real-time Polymerase Chain Reaction (RT-PCR)
For this assessment, HLE cells at P1-3 (pooled), P33, P34, P35 and P36-38 (pooled) were collected within 4 hours after irradiation, centrifuged and transferred to T75 flasks. After a 48-hour incubation, the cells were harvested, centrifuged and then quick-frozen at 2708C until analysis for expression of genes relevant to p53 signaling and DNA damage. The procedures were carried out by the Qiagen/SABiosciences Technical Core (Frederick, MD). Briefly, after sample thawing, RNA was extracted using a Polytron homogenizer (VWR Scientific, West Chester, PA) and Celsorizol. The RNA was run on a bioanalyzer (Agilent Technologies, Santa Ana, CA) and its integrity was based on 18 s and 28 s rRNA peaks; RNA concentrations were measured spectrophotometrically. Reverse transcription was done with RT 2 First Strand cDNA synthesis kits and PCR was performed on two arrays: RT 2 Profiler TM PCR Array PAHS-027A (Human p53 Signaling Pathway) and the RT 2 Profiler TM PCR Array PAHS-029A (Human DNA Damage Signaling Pathway), both from Qiagen/ SABiosciences. Each array assessed expression of 84 genes; 5 housekeeping genes were included per array. However, since 16 genes were the same on both arrays, the total assessed was 152. Relative changes were calculated using the ΔΔC t (threshold cycle) method. The P values were calculated using a 2-tailed Student's t-test. Data for all genes with statistically significant difference in expression compared to non-irradiated cells are presented here, regardless of fold-change.
Spectral Karyotyping
Within 4 hours after irradiation, HLE cells were collected from P1-3 (pooled), P33, P34, P35 and P36-38 (pooled). Metaphase spreads were prepared using standard procedures and 20 metaphases per each of the locations, as well as cells from 0 Gy plates, were analyzed and karyotyped. SKY Spectral Laboratory Reagents and Concentrated Antibody Detection kits were purchased from Applied Spectral Technology in Cancer Research & Treatment 2013 December 6. Epub ahead of print Imaging, Inc., Carlsbad, CA, to visualize all chromosomes in different colors. A HiSKY Complete Cytogenetic Imaging System was used (Applied Spectral Imaging, Inc.). The HiSKY system is interfaced with Case Manager Version 6.0.013, an Olympus BX-50 Fluorescence Microscope and a CCD 130QDS camera; these items were obtained from the Genomic Centre for Cancer Research and Diagnosis, Minnipeg, MB, Canada. The procedures and data collection were carried out by a board certified cytogenetic technologist. The karyotype of non-irradiated HLE cells was not normal, as is often the case when cells are cultured in vitro, and a few variations were noted. When the metaphases of the irradiated cells exhibited the same karyotype as those that received 0 Gy, they were identified as being equivalent to 0 Gy.
Analysis of Golgi Apparatus
HLE cells collected from 0 Gy control and P34 within 4 hours irradiation were cultured for 48 hours on coverslips inside a Petri dish filled with the appropriate medium. Presence of the Golgi apparatus was then determined using the Golgi-ID TM Green Assay Kit (ENZ-51028-K100; Enzo Life Sciences International, Inc., Farmingdale, NY) according to the manufacturer's instructions. This test utilizes a green dye that selectively localizes to the organelle in live cells and emits in the fluorescein isothiocyanate (FITC) region of the visible light spectrum. A blue nuclear counter-stain (Hoechst 33342) is also provided in the kit. HLE cell images were obtained using an Olympus IX81 confocal microscope (Olympus America Inc., Center Valley, PA). Three fields were evaluated per each of two slides in each experimental run. For each field, the numbers of Golgi-positive cells and total nuclei were counted. The nuclei counts averaged at 100 cells/field, ranging from 81 to 120. Percentages of Golgi-to-total nuclei were averaged across three fields per slide to provide a single value for the entire slide.
Cytokines in HLE Cell Supernatants
Medium from irradiated HLE cells at P1-3 (pooled), P33, P34, P35 and P36-38 (pooled) was collected at 48 hours after exposure, as well as from non-irradiated HLE cells, to determine concentrations of TNF-α and IL-6. Highsensitivity enzyme-linked immunosorbent assay (ELISA) kits specific for the human versions of these cytokines, catalog #HSTA00D for TNF-α and catalog #HS600B for IL-6, were purchased from R&D Systems, Inc., Minneapolis, MN. The procedures were performed according to the vendor's instructions. A microplate reader (Infinite TM 200 series; Tecan, San Jose, CA) was used; optical density (OD) for both cytokines was set at 490 nm with 650 nm correction. Mean minimum detectable concentrations with these kits are 0.106 pg/ml for TNF-α and 0.039 pg/ml for IL-6.
Statistical Analysis
The gene expression data were evaluated using Student's t-test. Other data, when appropriate, were analyzed using one-way analysis of variance (ANOVA) and Tukey's HSD (honestly significant difference) test for multiple pair-wise comparisons (SigmaStat TM software, version 2.03, SPSS Inc., Chicago, IL). Figure 2 presents the depth dose delivered to the HLE cells in P1-38; cells in P39-40 received 0 Gy regardless of which beam delivery system was used. While the dose at the Bragg peak position (P34) was close to identical for both the passive and active proton beams, i.e., 3.99 Gy and 3.88 Gy, respectively, the dose elsewhere was not. Compared to the passive scatter beam, ABS resulted in slightly lower doses in the entry region (1.21-2.60 Gy vs. 1.72-3.20 Gy with passive beam), as well as in the distal drop-off region (1.80-0.00 Gy at P35-37 vs. 2.41-0.00 Gy at P35-38 with passive beam). Figure 3 presents the results for DNA synthesis in HLE cells. With the passive proton beam (panel A), the level of 3 H-TdR incorporation was relatively stable within P1-33, i.e., ranging from 52 to 62% of that for non-irradiated cells. At the Bragg peak, (P34) the level dropped to ∼36%, but rebounded thereafter to 57-116% (P35-40) compared to the 0 Gy controls. With the ABS system, the Technology in Cancer Research & Treatment 2013 December 6. Epub ahead of print pattern was somewhat similar, but the overall impact was greater than with the passive beam. Although values in the early entry region (P1-P3) with ABS were approximately 56% of those for the 0 Gy controls, they proceeded downward more rapidly, reaching 37% at P32. At or close to the Bragg peak position, the values were 28% (P33), 21% (P34-peak) and 38% (P35). Thereafter, the rebound in the level of 3 H-TdR incorporation was more rapid with ABS, i.e., 94-103% (P36-40) compared to 0 Gy, than with the passive beam. Table I shows the fold-change in expression of genes associated with p53 signaling after passive proton irradiation of HLE cells (P , 0.05 vs. 0 Gy). Of the 84 genes analyzed, 33 were affected. The greatest effect was at the Bragg peak (P34) and all 15 genes that were modulated were up-regulated. At the other locations, the following changes were noted: 8 up-and 4 down-regulated genes (P1-3), 5 up-and 2 down-regulated genes (P33), 4 up-regulated genes (P35), and 5 up-and 6 down-regulated genes (P36-38). A greater than 2-fold increase in expression of BTG2 occurred at P1-3, P33, P34 (peak), and P35; CDKN1A had a .2-fold increase at P34. Genes that were more than 2-fold downregulated were SIAH1 (P1-3) and IFNB1 (P36-38). Names and chromosome locations of the affected genes related to p53 signaling are presented in Table II . Overall, the greatest impact was on chromosomes 11, 12 and 17 (4 genes affected/chromosome). Table III , there were 49/84 genes related to p53 signaling that had altered expression in HLE cells after exposure to ABS protons compared to 0 Gy (P , 0.05). The greatest impact was at or near the vicinity of the Bragg peak position: 13 up-and 16 down-regulated genes (P33), 14 up-and 23 down-regulated genes (P34, peak), 5 up-and 23 down-regulated (P35). At entry (P1-3) there were 5 up-and 12 down-regulated genes, whereas in the drop-off region (P36-38) there were 1 up-and The chromosome number is followed by gene location within the short arm (p) or long arm (q); the numbers that follow the letters indicate the position on the arm. - The chromosome number is followed by gene location within the short arm (p) or long arm (q); the numbers that follow the letters indicate the position on the arm. The 'pter' for the PCNA gene indicates that it is located at the terminal end of the short arm.
Results
Radiation Depth Doses Delivered
DNA Synthesis
Expression of Genes Related to p53 Signaling
As shown in
- BID - - 1.19 - 1.20 ATR - - 1.28 - - CCNH - - 1.25 - - CDC2 - - 1.19 - - CDKN2A - - 1.28 - - CHEK1 - - 1.29 - - CHEK2 - - 1.25 - - CRADD - - 1.20 - - MYOD1 - - 1.28 - - PTEN - - 1.18 - - XRCC5 - - 1.23 - - CDK4 1.34 - - - 1.41 EI24 1.17 - - - 1.21 DNMT1 1.33 - - - - FADD 1.34 - - - - KRAS 1.29 - - - - MLH1 1.25 - - - - PPM1D - 1.07 - - - CDC25C - - - - 1.33 SIAH1 22.29 - - - - TP53 21.33 - - - - IGF1R 21.43 - - - 21.37 NF1 21.78 - - - 21.59 CCNG2 - 21.38 - - - MYC - 21.17 - - - BAI1 - - - - 21.44 IFNB1 - - - - 22.12 MDM4 - - - - 21.36 PRKCA - - - - 21.14- - STAT1 - 1.24 1.30 - - TNFRSF10B 1.18 - 1.28 - - GADD45A - - 3.48 2.35 - EGR1 - - 1.67 - 2.22 IGF1R - - 1.16 - - CCNG2 - 1.51 - - - FADD - 1.40 - - - TP63 - 1.84 - - - E2F3 1.46 - - - - NFKB1 - - - 1.21 -MDM4- 21.41 - - TRAF2 - - 21.31 - - PTEN - - 21.15 - - WT1 24.89 - - - - KAT2B - 21.52 - - - SIAH1 - 21.14 - - - KRAS - - - 27.81 - ATR - - - 21.24 - CDK4 - - - 21.18 - XRCC5 - - - 21.
Expression of Genes Related to DNA Damage
Changes in expression of genes related to DNA damage after passive proton irradiation are shown in Table V . Twenty-five of the 84 analyzed genes were significantly modulated in HLE cells compared to 0 Gy. There were 10 up-and 3 down-regulated genes (P1-3), 2 up-and 1 down-regulated gene (P33), 1 up-and 1-down-regulated gene (P34), 3 up-regulated genes (P35), and 3 up-and 12 down-regulated genes (P36-38). The greatest effect was on BTG2, i.e., its expression was increased by more than 2-fold at all locations except P36-38. Names of these genes and their respective chromosome sites are shown in Table VI . Chromosome 1 had three genes affected, more than any other. Table VII shows that the status of 54/84 genes related to DNA damage was significantly altered (P , 0.05 vs. 0 Gy) in HLE cells exposed to ABS protons and that most of them were down-regulated. Similarly to the p53 signaling pathway array, the greatest impact was at or near the Bragg peak position: 2 up-and 21 down-regulated genes (P33), 4 up-and 40 down-regulated genes (P34, peak) and 4 up-and 37 down-regulated genes (P35). At the entry region there were 2 up-and 22 down-regulated genes (P1-3) and in the drop-off region there were only 1 up-and 3 downregulated genes (P36-38). The genes with greater than 2-fold change in expression were BRCA1, DMC1, EXO1, FEN1, GADD45A, GTSE1, RAD51, RPA1, XRCC2, XRCC3 and XRCC6BP1. However, enhanced expression above 2-fold at or near the Bragg peak position was noted for only one of these genes, i.e., GADD45A (P34, P35). Greater than 2-fold down-regulation that occurred only at the Bragg peak position (P34) was noted for BRCA1, EXO1, FEN1, GTSE1, RAD51, RPA1, XRCC2 and XRCC3. In other locations, .2-fold decrease in expression was present for DMC1 (P33, P35) and XRCC6BP1 (P33). Names and chromosome locations of the genes are shown 
Data are based on five independent experiments. The chromosome number is followed by gene location within the short arm (p) or long arm (q); the numbers that follow the letters indicate the position on the arm. 
Spectral Karyotyping
Analyses performed on non-irradiated HLE cells showed that the number and arrangement of chromosomes were not perfectly normal, as is often the case when cells are cultured in vitro. However, very little variation was noted within the range of culture passages used for testing, thereby indicating that the karyotype was relatively stable prior to irradiation. Figure 4 shows Figure 5 .
Golgi Apparatus Figure 6 shows representative images of HLE cells stained for presence of the Golgi apparatus after exposure to 0 Gy or 4 Gy (P34 using passive and active proton delivery systems). Magnification in the presented images is 40X. The bar graph shows that the percentages of positive cells were 87.8% (0 Gy), 29.5% (passive beam) and 21.0% (active scanning beam).
Levels of TNF-α and IL-6
Neither of these cytokines was detected in supernatants from the HLE cells after exposure to radiation, regardless of which delivery system was used. Supernatants from the 0 Gy control cells were also negative (data not shown). Standards with various concentrations of TNF-α and IL-6 were included in the ELISA kits and the OD values were as expected, indicating that the assay was working properly.
Discussion
As planned, the dose delivered to cells at the Bragg peak position was essentially the same, i.e., very close to 4 Gy, with both proton delivery systems. However, the doses at the entry and The chromosome number is followed by gene location within the short arm (p) or long arm (q); the numbers that follow the letters indicate the position on the arm. The 'pter' for the PCNA gene indicates that it is located at the terminal end of the short arm. drop-off regions were lower with ABS than with the passive beam. Also, the decline to 0 Gy was more rapid with ABS. These differences are due to differences in range straggling and nuclear interactions between the techniques employed. Overall, however, irradiation of the HLE cells with ABS had a greater impact, especially at or near the Bragg peak position which is the major site of interest for these studies. We believe that the most likely explanation for this difference is that the instantaneous dose rate was 120 times higher with the active scanning beam than with the passive beam.
In the present study, depression in DNA synthesis in HLE cells was more pronounced with the active scanning beam at entry and at or close to the Bragg peak position compared to the passive beam. This may involve differences in the extent of DNA damage caused by the two delivery systems. Differences in cell cycle arrest, however, must also be considered (note that GADD45A encoding an important growth arrest and DNA-damage-inducible protein was .3-fold up-regulated at the ABS Bragg peak position, but not with the passive beam). DNA damage triggers a large network of responses that includes arrest in cell cycling so that repair can take place (26) . For example, in an in vitro study of human peripheral blood lymphocytes exposed to either proton or carbon ion radiation, it was found that cell cycle arrest (and hence also arrest in DNA synthesis) was especially prevalent in the cells with radiation-induced chromosome aberrations (27) . However, it has been reported that arrest in the G1-S phase after exposure to 2 Gy or more is inefficiently maintained; cells tend to progress through the cell cycle and form chromosome breaks (28) . Many questions remain regarding magnitude, persistence and control of cell cycle arrest/proliferation after exposure to particle radiations such as protons (29) . Additional experiments are needed to confirm whether cell cycle effects were involved in our study.
Modification in expression of genes related to p53 signaling and DNA damage pathways was much more profound after ABS proton irradiation compared to the passive beam. The major exception, however, was at beam exit (P36-38); only 9 genes of the 152 evaluated were affected after ABS irradiation, whereas 26 were affected after exposure to the passive scatter beam. These findings suggest that use of the ABS delivery system spared the cells that were located past the intended target site. This possibility, however, must be evaluated in future studies. Since the HLE cells do not form colonies, i.e., they spread over a culture plate surface as a monolayer, assays other than classical clonogenic survival would have to be performed. Furthermore, the specific genes, the up-/down-regulation patterns, and chromosomes affected in HLE cells at various distances from the proton source, as well as at the drop-off region, were strikingly different. Since so many genes were significantly affected by radiation, it is not possible to discuss them all. Characteristics of only a few are mentioned here, with emphasis on those that were most modulated by ABS.
The most up-regulated gene at or near the Bragg peak position after active scanning protons was TNF (6.84-fold increase at the peak vs. 0 Gy), a gene with expression similar to 0 Gy when the cells were exposed to passive protons regardless of location within the Bragg curve. TNF encodes the TNF-α protein, a pro-inflammatory cytokine that can induce apoptosis (30, 31) . TNF-α has been implicated in pneumonitis, as well as other side effects associated with lung irradiation (32, 33) . Although TNF-α has anti-cancer properties and has been considered as a form of treatment (34, 35) , it may facilitate tumor development via enhancement of mutagenesis (36) . In the present study, TNF-α was not detected in supernatants from the HLE cells. This may be because the level of the cytokine had not yet reached the minimally detectable concentration by the time of assessment and/or secretory mechanisms were compromised by radiation exposure. The latter possibility is supported by the low percentages obtained for Golgi bodies in the irradiated HLE cells in the Bragg peak position. The Golgi apparatus is a relatively large organelle that packages proteins, including TNF-α, and transports them to secretory vesicles for storage until extracellular release is triggered (37) . To our knowledge, there are no previous publications on the response of the Golgi apparatus to proton radiation.
IL-6, encoding the IL-6 cytokine, is mentioned here because it was .2-fold up-regulated (like TNF) at or close to the Bragg peak position after ABS, but not the passive beam. IL-6 can be either pro-or anti-inflammatory; its anti-inflammatory effects are due at least partly to inhibition of TNF-α. There are very few reports on IL-6 and proton radiation. Some investigators have demonstrated decreased IL-6 production by cells in culture (38) , while others have reported increases in rodent models (39, 40) . In one of our previous studies on patients with inoperable non-small-cell lung cancer, it was the difference in the volume integral dose between protons alone versus mixed photon/proton therapy that correlated with the incidence of pneumonitis and/or fibrosis (41) . Levels of IL-6, TNF-α and basic fibroblast growth factor (bFGF) in the blood were higher in the photon/proton group compared to those who received only protons. In the present study, IL-6 was not detected in supernatants from the HLE cells. Possible explanations for this are the same as those mentioned above for TNF-α.
KRAS and WT1 were the most down-regulated genes; foldchange was 27.81 and 24.89 vs. 0 Gy, respectively. These modifications were unique to the ABS system. KRAS is a proto-oncogene that encodes the K-ras protein, a small GTPase in the Ras family (42) . Normally, K-ras plays an essential role as an "on/off" switch in many signal transduction pathways. It is often mutated in human lung cancer cells (43) (44) (45) . WT1 was down-regulated only in the HLE cells that were exposed to the early entry region of the active scanning proton beam. The protein derived from WT1 is a transcription factor that serves as a tumor suppressor (46) . Although studies initially focused on Wilm's tumor, evidence now indicates that low expression of WT1 is associated with a poor prognosis in lung cancer patients (47) . Interestingly, WT1 regulates cell proliferation and senescence associated with the oncogenic form of KRAS (48). Clinical impact, if any, due to the down-regulation of KRAS and WT1 in HLE cells exposed to ABS remains to be determined.
It should be noted that numerous studies have been conducted on p53, a vital protein involved in cell death, as well as cancer formation (49) . In HCC2279 non-small-cell lung cancer cells, radiation-induced mitotic catastrophe has been linked to p53 insufficiency and checkpoint kinase-mediated pathways that cause cells to enter mitosis prematurely (50) . In our study, TP53 was among the genes that were present in both arrays and, although it was always down-regulated when affected, some discrepancies were noted (Tables I and  V with passive beam; Tables III and VII with ABS) . Discrepancies were also noted for some of the other genes common to both arrays, e.g., ATR, BTG2 and CHEK2. However, the involved genes in irradiated HLE cells always had less than 2-fold change in expression compared to the 0 Gy controls. One possible explanation for the inconsistencies is that they represent statistical false positives/false negatives. However, for most of these genes, the fold change was generally in the same direction, but they sometimes did not quite reach statistical significance. Another possible contributing factor is that both arrays were not always used for the cells from the same experimental run.
The karyotyping data show that many chromosomes were modulated by both proton delivery systems. However, with the exception of the early entry region, there were consistently fewer metaphases with radiation-induced chromosomal abnormalities when ABS was used compared to the passive beam. A possible explanation is that the damage caused by ABS protons was more lethal, thus leaving behind a fewer number of surviving cells (with sub-lethal abnormalities) at the time of assessment. Cell survival assays, however, should be done to prove (or disprove) this possibility. Ionizing radiation is well known to induce a wide range of aberrations in DNA (51) . A study using fluorescent in situ hybridization (FISH) found dicentric and acentric chromosomes, as well as other abnormalities, in lymphocytes from prostate cancer patients after the onset of radiotherapy with a linear accelerator; the radiation-induced damage persisted up to 1 year after treatment (52) . Chromosome abnormalities have often been regarded as sensitive indicators of radiation exposure and may be useful as predictors of cancer risk (53) .
The impact of dose rate on biological effects continues to be investigated. As reviewed by Ling et al., multiple factors such as radical recombination, kinetics of sublethal damage repair and difference in the alpha/beta ratio of early and late responding tissues could all be important (14) . Furthermore, gene expression in surviving cells after insults such as oxidative stress is a dynamic process that includes cyclic activation and deactivation of various signaling pathways. The biological mechanisms responsible for the differences between passive and active beams noted in the present study are likely to include early responses that may not exhibit an identical up/down pattern of expression over time. Production of cytokines such as TNF-α is among the early responses that occur within minutes to hours after radiation exposure (54) . Thus, the up-regulation of TNF in the HLE cells that received active, but not passive, beam irradiation in our study (discussed above) suggests that the high instantaneous dose rate of ABS triggered a much stronger early response in the survivors compared to the passive beam. In addition, TNF-α can induce cellular production of unstable oxygen radicals that could further modify gene expression patterns (55) .
Investigators have examined the RBE of proton scanning beams at high instantaneous dose rates using cell survival assays. No difference in RBE was found between passive scattered and active scanning beams based on colony formation by DU-145 cells, a human prostate cancer cell line (56) . In an in vivo study of intestinal crypt regeneration as the biological endpoint in mice, the data for the scanned Technology in Cancer Research & Treatment 2013 December 6. Epub ahead of print proton beam corroborated the conventional RBE of 1.1 used in the clinic, i.e. the range was 1.11-1.21 (57) . In addition, a study by Sorensen et al. showed no difference in clonogenic survival when photon beams were delivered to V79 and FaDuDD cell lines at different instantaneous dose rates (21) . However, when biological end-points other than cell killing are used, such as mutation induction, DNA damage, or chromosome aberrations, the obtained RBE values seem to deviate largely from the value conventionally used in the clinic (58) . Since determining RBE was not part of the present study and our data are unique, it is difficult to make any direct comparisons with these previously published results.
Treatment using ABS protons will undoubtedly continue to increase worldwide. This is true not only because of theoretical advantages, but also because of promising reports based on patient outcomes (59) (60) (61) . In addition, although much more research is needed, there are reports that proton radiation may have biological advantages compared to photon radiation. For example, recent pre-clinical studies have found that proton radiation inhibits angiogenesis, a process that is associated with cancer invasion and metastasis (38, 62) . To our knowledge, however, studies such as the one reported here have not been previously conducted. The results showed that ABS protons at or near the Bragg peak position generally had a much greater effect on epithelial cells obtained from human lung tissue compared to passive proton radiation. In addition, more studies are needed on cancer cells. Since they already possess a wide variety of mutations and chromosomal abnormalities, it is unlikely that they would exhibit identical responses as noted here for the HLE cells when based on the same biological endpoints. Even among various cancer cell types many differences have been noted in gene expression after radiation exposure (63) . Perhaps most importantly, since cells isolated in culture do not always predict events in the body where numerous cell-to-cell interactions and cytokine-induced responses occur, studies using mammalian models should be included in the future. Biological data, as well as advances in imaging technologies that further improve precise target localization (64), will help optimize proton treatment planning and should also be useful for modeling the effects of energized particles traversing tissues using Monte Carlo simulation software and high-speed calculations with computer clusters.
